Previous studies have revealed an increased fractional anisotropy and greater thickness in the anterior parts of the corpus callosum in meditation practitioners compared with control subjects. Altered callosal features may be associated with an altered inter-hemispheric integration and the degree of brain asymmetry may also be shifted in meditation practitioners. Therefore, we investigated differences in gray matter asymmetry as well as correlations between gray matter asymmetry and years of meditation practice in 50 long-term meditators and 50 controls. We detected a decreased rightward asymmetry in the precuneus in meditators compared with controls. In addition, we observed that a stronger leftward asymmetry near the posterior intraparietal sulcus was positively associated with the number of meditation practice years. In a further exploratory analysis, we observed that a stronger rightward asymmetry in the pregenual cingulate cortex was negatively associated with the number of practice years. The group difference within the precuneus, as well as the positive correlations with meditation years in the pregenual cingulate cortex, suggests an adaptation of the default mode network in meditators. The positive correlation between meditation practice years and asymmetry near the posterior intraparietal sulcus may suggest that meditation is accompanied by changes in attention processing.
INTRODUCTION
Over the last few years, increasing research has revealed differences in brain anatomy and function between meditators and controls. Structural studies have reported meditation-related alterations in gray matter volume, cortical thickness, gyrification, fractional anisotropy (FA) and other measures throughout the brain (Lazar et al., 2005; Holzel et al., 2008 Holzel et al., , 2010 Holzel et al., , 2011 Luders et al., 2009 Luders et al., , 2011 Luders et al., , 2012a Luders et al., ,b, 2013b Vestergaard-Poulsen et al., 2009; Grant et al., 2010; Tang et al., 2010 Tang et al., , 2012a . Functional imaging and electroencephalography (EEG) studies have demonstrated different activation patterns and differences in resting state networks between meditators and controls (Davidson et al., 2003; Lutz et al., 2004; Tei et al., 2009; Brewer et al., 2011; Jang et al., 2011; Xue et al., 2011; Berkovich-Ohana et al., 2012; Keune et al., 2013) . Interestingly, many of these studies have observed effects of meditation on the brain that were not expressed equally in both hemispheres, suggesting a potentially different degree or pattern of lateralization in meditators.
Although lateralization in meditation has not been assessed directly in structural studies, functional studies using EEG have reported a leftward bias of frontal brain activity in meditators (Davidson et al., 2003; Moyer et al., 2011) . Moreover, structural studies measuring the thickness and FA of the corpus callosum (Luders et al., 2011 (Luders et al., , 2012b found significantly higher FA as well as greater callosal thickness in anterior regions of the corpus callosum. These cross-sectional findings are in close correspondence with outcomes from longitudinal studies indicating a meditation-induced FA increase in the frontal part of the corpus callosum (Tang et al., 2010 (Tang et al., , 2012a . As higher FA and a thicker rostral corpus callosum may indicate a greater number and/or more densely packed axons, these findings suggest stronger inter-hemispheric connectivity in meditators than controls. Consequently, the integration of information across both hemispheres and the degree of functional lateralization may be different in meditation practitioners. This may also be reflected in an altered anatomical asymmetry.
This study sought to follow up on these previous outcomes (and implications) and directly address if hemispheric asymmetry is altered in meditation practitioners. For this purpose, we analyzed high-resolution structural brain images from 50 long-term meditators and 50 matched control subjects with particular focus on hemispheric differences in voxel-wise 'gray matter'. In addition to assessing differences between meditators and controls with respect to gray matter asymmetry, we examined if there was a link between the degree of gray matter asymmetry and the amount of meditation practice years. As increased FA and greater thickness were observed in the anterior parts of the corpus callosum in previous studies, we hypothesized alterations in gray matter asymmetry, primarily in anterior sections of the brain. Nonetheless, to be able to detect possible effects elsewhere in the brain, we applied an automatic whole-brain voxel-based method allowing an objective assessment of gray matter asymmetry in the framework of meditation.
MATERIALS AND METHODS Subjects
The study included 50 meditators and 50 control subjects, matched for sex (28 men, 22 women) and for age [meditators (mean AE s.d.): 51.4 AE 12.8 years; controls: 50.4 AE 11.8 years]. Age ranged between 24 and 77 years; the average age difference within a sex-matched pair was 1.8 years. Although scans for the controls were obtained from the ICBM database of normal adults (http://www.loni.usc.edu/ICBM/Databases), meditators were newly recruited from various meditation venues. Years of meditation practice ranged between 4 and 46 years (19.8 AE 11.4 years). The majority of subjects (89%) was right-handed as based on self-reports of hand preference (six meditators and five controls were left-handed). All subjects were required to be free of any neurological and psychiatric disorders and gave informed consent according to UCLA's Institutional Review Board. Note that the same sample (n ¼ 100) has also been analyzed in two previous studies examining differences between meditators and controls with respect to (i) vertexwise mean curvature (Luders et al., 2012a) and (ii) voxel-wise gray matter (Luders et al., 2013a) . The new aspect of this study is the focus on hemispheric differences (i.e. voxel-wise gray matter asymmetry).
Image acquisition and processing
All subjects (i.e. meditators and controls) were scanned at the same site, using the same scanner and image acquisition protocol. Specifically, magnetic resonance imaging (MRI) data were acquired on a 1.5 T Siemens Sonata scanner (Erlangen, Germany) using an eight-channel head coil and a 3D T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sequence (TR ¼ 1900 ms, TE ¼ 4.38 ms, flip angle ¼ 158, 160 contiguous 1 mm sagittal slices, FOV: 256 mm Â 256 mm, matrix: 256 Â 256, voxel dimensions: 1.0 Â 1.0 Â 1.0 mm 3 ). All MRI data were processed as further detailed below using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and the VBM8 Toolbox (http://dbm.neuro.uni-jena.de/vbm.html), where the standard pre-processing steps for voxel-based morphometry (VBM) were carefully adapted to accommodate the analysis of gray matter 'asymmetries'.
Creating symmetric tissue probability maps
As a first adaptation step, we created symmetric tissue probability maps in MNI space (Luders et al., 2004) . For this purpose, the individual high-resolution structural images were registered to the tissue probability maps in MNI space, as provided with the 'New Segment Toolbox' (included in SPM8), using 12-parameter affine transformations. Subsequently, the registered images were segmented and flipped in the midsagittal plane to create mirrored images. Original and mirrored segments were then averaged and smoothed with a Gaussian kernel of 4 mm full-width-half-maximum (FWHM). These customized tissue probability maps in symmetric MNI space were utilized in the subsequent affine normalization and tissue segmentation steps.
Affine normalization and tissue segmentation
Using the VBM8 Toolbox, the original individual high-resolution structural images were segmented into gray matter, white matter and cerebrospinal fluid, and registered to the symmetric tissue probability maps using 12-parameter affine transformations. The segmentation algorithm implemented in the VBM8 Toolbox accounts for partial volume effects (Tohka et al., 2004) and uses adaptive maximum a posteriori estimations (Rajapakse et al., 1997) , a spatially adaptive non-local means denoising filter (Manjon et al., 2010) and a hidden Markov random field model (Cuadra et al., 2005) . This process resulted in normalized gray and white matter segments from each subject in symmetric MNI space which, in turn, were then used to create a customized template and to conduct the non-linear warping procedure (Ashburner, 2007) .
Creating a customized template and non-linear warping
Asymmetries in the brain not only encompass shape differences on a larger scale, such as the hemispheric petalia and Yakovlevian torque (LeMay, 1976; Toga and Thompson, 2003) , but also on a finer scale, such as the location and dimensions of sulci and gyri (Cunningham, 1892; Toga and Thompson, 2003) . Thus, low-dimensional spatial registration to symmetric tissue probability maps may not be sufficient to ensure a point-wise comparability between left and right hemispheres. Therefore, we created an optimized template and performed high-dimensional non-linear warping. More specifically, in order to create the optimized template, the registered gray and white matter segments in symmetric MNI space (described earlier) were flipped in the midsagittal plane. All original and mirrored tissue segments were subsequently used to create a DARTEL template (Ashburner, 2007) , which thus represents both original and mirrored tissue segments. The main advantage to using this approach is that the resulting DARTEL template represents a mean (or rather minimal distance) of the original and mirrored segments from all subjects, and thus yields a closer spatial correspondence between left and right hemispheres than just flipping the images subsequent to a non-linear warp. 1 The original and mirrored gray matter segments were subsequently warped to the DARTEL template and then modulated (Good et al., 2001) . As the template was created from scaled tissue segments, this modulation is for the non-linear portion of the warp only and already accounts for overall differences in brain size.
Calculating the asymmetry index
The asymmetry index (AI) was calculated voxel-wise as the difference between normalized original and mirrored gray matter segments divided by the mean of both (Luders et al., 2004) :
. This operation results in individual gray matter asymmetry maps, where positive values in the 'left hemisphere' indicate a leftward asymmetry, whereas negative values indicate a rightward asymmetry. Similarly, positive values in the 'right hemisphere' indicate a rightward asymmetry, whereas negative values indicate a leftward asymmetry. Given this redundancy in asymmetry information, we masked out the right hemispheres and only kept the left hemispheres. 2 The voxel-wise AIs of the remaining left hemisphere were then smoothed with a Gaussian kernel of 8 mm FWHM and constitute the input for the statistical analyses.
Statistical analyses
Voxel-wise gray matter asymmetry differences between meditators and controls were examined via the general linear model, where age was included as co-variate. Similarly, voxel-wise correlations between gray matter asymmetry and number of practice years were examined via the general linear model. However, as age and the number of practice years are highly correlated (Pearson's r ¼ 0.6, P < 0.001), correlations were performed without including age as co-variate. Instead, we corrected for age by including the age-matched controls (assuming zero meditation years) in the statistical model, in addition to the meditation practitioners (with their respective number of meditation years). All findings resulting from the group comparisons as well as the correlation analyses were corrected for multiple comparisons using threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009 ), controlling the false discovery rate at q ¼ 0.05 (Hochberg and Benjamini, 1990) . The resulting significance clusters were projected onto the rendered view of the mean brain created from the whole study population (n ¼ 100). Follow-up analyses (detailed in the respective paragraphs of the Results section) were conducted, if applicable, in order to inform about the underlying determinants for the observed effects. For example, a significant group difference indicating that 'meditators > controls' might not necessarily be driven by a larger leftward asymmetry in meditators (i.e. higher positive values) but perhaps by a smaller rightward asymmetry in meditators (i.e. lower negative values). Similarly, a significant positive correlation might not be driven by increasing leftward asymmetries with meditation practice years (i.e. higher positive values) but perhaps by decreasing rightward asymmetries with practice years (i.e. lower negative values).
RESULTS

Group differences
As demonstrated in Figure 1 , we observed significant differences between meditators and controls with respect to gray matter asymmetry in the medial parietal lobe (Panel A). More specifically, the difference cluster was situated within the precuneus, according to the automated anatomic labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and at the border between areas SPL 7P and SPL 7M (Scheperjans et al., 2008a,b) , according to the anatomy toolbox (Eickhoff et al., 2005) . The significance maximum was located at
To further explore the determinants of the detected group effect, we extracted the voxel-wise AIs as well as the voxel-wise gray matter volumes from the significance cluster. We then averaged the values over the entire cluster and generated a cluster-specific mean AI as well as the cluster-specific gray matter volumes for the left and right hemispheres. When plotting the cluster-specific 'mean AI' separately for both groups, controls showed a prominent rightward asymmetry, whereas meditators showed hardly any differences between the left and right hemispheres (Figure 1, Panel B) . When plotting the cluster-specific 'gray matter volumes', meditators had significantly more gray matter than that of controls in the left hemisphere (Figure 1 , Panel C), whereas both groups had similar gray matter volumes in the right hemisphere (Figure 1, Panel D) .
Correlations with meditation practice years
As demonstrated in Figure 2 (top) , we observed significant correlations between gray matter asymmetry and the number of meditation practice years in the superior lateral parietal lobe (Panel A). More specifically, the difference cluster was situated in the superior parietal lobe near the posterior part of the intraparietal sulcus, according to the AAL atlas (Tzourio-Mazoyer et al., 2002) and at the lateral border of area SPL 7P (Scheperjans et al., 2008a,b) , according to the anatomy toolbox (Eickhoff et al., 2005) .
The significance maximum was located near the posterior part of the intraparietal sulcus at x ¼ À20, y ¼ À7, z ¼ 52 (symmetric MNI space) and at x ¼ À20, y ¼ À76, z ¼ 54 (classic MNI space). To further explore the determinants of the detected correlations, we extracted the voxel-wise AIs as well as the voxel-wise gray matter volumes from the significance cluster. As detailed earlier for the group differences, we then generated a cluster-specific mean AI as well as the cluster-specific gray matter volumes for the left and right hemispheres. When relating the number of meditation practice years to the cluster-specific 'mean AI', an increase in practice years was strongly associated with an increase of leftward asymmetry (r ¼ 0.5, P < 0.001; Figure 2, Panel B) . When relating the meditation practice years to the cluster-specific 'gray matter volumes', an increase in practice years was strongly associated with an increase of gray matter in the left hemisphere (r ¼ 0.3, P < 0.01; Figure 2 , Panel C), but decrease of gray matter in the right hemisphere (r ¼ À0.2, P < 0.05; Figure 2 , Panel C).
Exploratory analyses
There was a lack of significant effects in frontal regions of the brain when applying statistical corrections for multiple comparisons. However, given the previously reported alterations of inter-hemispheric connectivity in 'anterior' sections of the corpus callosum (Tang et al., 2010 (Tang et al., , 2012a Luders et al., 2011 Luders et al., , 2012b , we repeated the aforementioned analyses using an uncorrected significance threshold at P < 0.001. Interestingly, there were no additional clusters (other than the parietal effect reported earlier) when comparing meditators and controls with respect to gray matter asymmetry. However, as demonstrated in Figure 2 (bottom) , we observed an additional cluster indicating correlations between gray matter asymmetry and the number of meditation practice years in the medial frontal cortex (Panel D). The significance maximum was located near the pregenual part of the cingulate sulcus at x ¼ À12, y ¼ 42, z ¼ 0 (symmetric MNI space) and x ¼ À12, y ¼ 44, z ¼ 0 (classic MNI space). To further explore these correlations, we extracted the voxel-wise AIs (and voxelwise gray matter volumes) and we generated a cluster-specific mean AI (and cluster-specific left/right gray matter volumes). When relating the number of meditation practice years to the cluster-specific 'mean AI', an increase in practice years was strongly associated with a decrease of rightward asymmetry (r ¼ 0.4, P < 0.001; Figure 2 , Panel E). When relating the number of meditation practice years to the cluster-specific 'gray matter volumes', an increase in practice years was strongly associated with a decrease of gray matter in the right hemisphere (r ¼ À0.3, P < 0.01; Figure 2 , Panel C), whereas no significant correlation was observed for the left hemisphere (r ¼ 0.1, P > 0.05; Figure 2 , Panel F).
DISCUSSION
This study was conducted to address the question if the long-term practice of meditation is associated with altered gray matter asymmetries. We detected a decreased rightward asymmetry in the precuneus in meditators compared with controls. We also observed that a stronger leftward asymmetry near the posterior intraparietal sulcus was positively associated with the number of meditation practice years. In addition, a stronger rightward asymmetry in the pregenual cingulate cortex was negatively associated with the number of meditation practice years.
Asymmetry differences between meditators and controls in the medial parietal lobe
Our results suggest that the two brain hemispheres, at least with respect to the left and right medial parietal lobes, are more similar in meditators than in controls. Functionally, the precuneus has been implicated as part of the default mode network. Although it is not entirely clear if the areas 7P and 7M are included in this network (Raichle et al., 2001; Cavanna and Trimble, 2006; Buckner et al., 2008; Scheperjans et al., 2008b) , area 7M has been confirmed to have close connections to posterior cingulate and retrosplenial regions (Buckner et al., 2008) . These latter two regions are regularly described as part of the default mode network (Raichle et al., 2001; Buckner et al., 2008) . In addition, area 7M has been reported to connect to occipitoparietal and frontal areas which are known as task set regions (Buckner et al., 2008) . The conglomerate of connections to task set regions as well as resting state regions may be relevant for meditation in the light of the 'sentinel hypothesis'. In short, this hypothesis suggests that the precuneus is involved in broadly monitoring the external environment in a non-specific way during the resting state (Buckner et al., 2008) . This monitoring is different from classic focused attention to external cues, and has therefore been termed as watchfulness or exploratory state (Shulman et al., 1997; Gilbert et al., 2007) .
Watchfulness is likely to rely on connectivity to both external task regions (because the external world is monitored) and regions with resting state properties (because monitoring occurs during the resting state and not as a focused task). Our analysis revealed that the diminished gray matter asymmetry in meditators is due to larger gray matter volumes in the left precuneus in meditators than in controls. An increase of gray matter in a region that might be involved in watchfulness and that is linked to both external task regions and resting state regions may therefore be related to engagement in meditation.
Correlations between asymmetry and meditation practice years in the lateral parietal cortex
Examining the correlation between meditation practice years and gray matter asymmetry uncovered a significant correlation in the lateral part of the superior parietal cortex, where more practice years were associated with more left-hemispheric gray matter. The superior parietal region has been largely discussed in attention processing as part of a parietofrontal functional network (Corbetta and Shulman, 2002) . As a component of the aforementioned attention network, the superior parietal lobe has extensive connections toward frontal areas via the superior longitudinal fasciculus in humans (Makris et al., 2005) . Long-term meditation practitioners were previously reported to have a significantly higher FA in the superior longitudinal fasciculus, with even more pronounced effects in the left than the right hemisphere (Luders et al., 2011) . These recent findings seem to agree with the current observation of increased leftward gray matter asymmetries in cortical regions subserved by the superior longitudinal fasciculus.
Although the superior parietal cortex is broadly involved in attention processing, different properties of attention have been attributed to each hemisphere. Corbetta and Shulman (2002) , for example, suggest that the 'left' superior parietal cortex would assemble 'associations that link the appropriate stimuli and responses for a given task'. This role in functioning is different from the 'right' superior parietal cortex, which seems to be involved in focusing attention on an external task (Corbetta et al., 2008) . In this study, we observed that more meditation practice years are associated with more leftward asymmetry (due to an increase of lefthemispheric gray matter). This may imply a shift toward more effective task preparation and task switching in meditators, which one would expect to be beneficial in many executive tasks. Consistent with this interpretation are reports of meditators performing better in different attention and executive function tasks (Tang et al., 2007; van Leeuwen et al., 2009; Prakash et al., 2010; Zeidan et al., 2010) . In addition, the reported effortless switching between brain states in experienced meditators (Tang et al., 2012b ) may be partly due to an effective task preparation.
Gray matter asymmetries and meditation SCAN (2015) Correlations between asymmetry and meditation practice years in the medial frontal cortex As we hypothesized that alterations in gray matter asymmetry would be primarily in the anterior sections of the brain, we experimentally relaxed the significance threshold to increase sensitivity. In correspondence with our a priori hypothesis, this revealed an additional significance cluster in the pregenual part of the cingulate sulcus, where more meditation practice years were associated with less righthemispheric gray matter. Functionally, the anterior cingulate has been described as part of the default mode network (Raichle et al., 2001; Buckner et al., 2008) . Thus, the currently observed structural link in this particular region may be associated with previously reported functional alterations, such as meditation-induced changes in the default mode network. More specifically, when examining differences in brain activation during active meditation, long-term meditators, but not controls, exhibited a decrease in brain activation in this region (Brewer et al., 2011) . In another study, meditators were shown to have a decreased gamma activity over frontal midline areas, which was interpreted as decreased activity in this region (Berkovich-Ohana et al., 2012) . Moreover, the presently detected associations between gray matter asymmetry and meditation practice years in anterior sections of the brain closely corroborate prior findings of alterations in anterior sections of the corpus callosum (Tang et al., 2010 (Tang et al., , 2012a Luders et al., 2011 Luders et al., , 2012b , either observed as cerebral characteristics in long-term meditation practitioners (e.g. higher FA values, larger callosal thickness) or as actual changes due to short-term mindfulness practices (e.g. FA increases). Given these previous callosal findings as well as the negative direction of the correlation (i.e. more meditation practice years are associated with less asymmetry), long-term meditation practices might be associated with an enhanced 'functional' integration of both hemispheres over time, at least in anterior/frontal sections of the brain. Although some EEG experiments revealed increased asymmetries of frontal brain activity due to meditation (Davidson et al., 2003; Moyer et al., 2011) , these studies examined short-term effects (i.e. after about 5-8 weeks) in meditation beginners. In contrast, this study was conducted in long-term meditators with a mean practice of 19.8 years. Interestingly though, the direction of the effect seems to be comparable in meditation beginners and experts. That is, although the aforementioned two studies reported 'increasing leftward' asymmetries, our study revealed 'decreasing rightward' asymmetries (i.e. a shift toward the left hemisphere). These asymmetry shifts might be linked to achieving characteristic mental states and/or skills as associated with meditation, either as prerequisite of a successful practice or its consequence (or a powerful interaction of both).
Limitations and future studies Although the current cross-sectional design is suitable to establish if there are any significant links between the degree of gray matter asymmetry and the practice of meditation, it cannot determine a causal relationship. In other words, the results of this study do not permit an answer to the question if the observed group differences (the correlations with the practice amount) were a product of the meditation practice, or if innate differences in meditators' brains enabled subjects to successfully meditate and/or keep up this practice for a prolonged period of time. Based on the present data, one might hypothesize that hemisphere-specific gray matter in the pregenual cingulate cortex (i.e. where we observed significant correlations between practice years and degree of asymmetry) was altered through the meditation practice. In contrast, the hemisphere-specific gray matter in the precuneus (i.e. where we observed significant group differences between meditators and controls) may constitute either an innate difference in gray matter asymmetry, a meditation-induced change in gray matter asymmetry (presumably during the first few years of training given the lack of any significant correlation in this region), or a combination of both. Clearly, these are only speculations and future studies are necessary to provide a definite answer. Moreover, future studies will help revealing the functional implications of an altered structural asymmetry. For example, we observed significant differences in gray matter asymmetry between meditators and controls, and the question arises, if the decreased asymmetry in meditators is linked to an altered inter-hemispheric exchange of information across the corpus callosum and/or an altered intra-hemisphere processing of information in networks related to the precuneus. It is also possibly, that the relatively larger-than-normal gray matter volume in the left precuneus is in itself a marker for a different (perhaps more efficient) processing of information. Either underlying mechanism (or all of them together) might have contributed to certain skills and characteristics of successful meditators. Likewise, as discussed earlier, they might be a consequence of long-term meditation (or even of each other), or developed through a complex interplay between innate prerequisite for meditation and practice-induced consequence.
